Introduction
Oxygen-centered free radicals (i.e.°2 and OH') can be released by activated neutrophils in response to cell surface stimulation, by a variety of particulate and nonparticulate substances (1) (2) (3) (4) (5) . Such highly reactive chemical species have the potential to denature proteins (6) , oxidize lipids (7) , damage DNA, and denature virtually all types of biomolecules (8, 9) .
Ever since free radical reactions were first implicated in such processes, their relevance to the development of human pathological states has been sought (for review see reference 10) . McCord and others (1 1, 12) have suggested that in rheumatoid inflammation, which is characterized by a large infiltration of phagocytic cells into the inflamed joint, neutrophils may release oxygen radicals into extracellular fluid and damage its macromolecular components. Such elements of the synovial fluid are normally unprotected by intracellular antioxidant enzymes such as superoxide dismutase (SOD),' catalase, and glutathione peroxidase ( 11) .
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1. Abbreviations used in this paper: Em, emission; Ex, excitation; HPLC, high performance liquid chromatography; PMA, phorbol myristate acetate; SOD, superoxide dismutase.
We have shown previously that human IgG undergoes fluorescent and sulphhydryl-related damage when exposed to free radical reactions (13, 14) . The fluorescence formatiof is thought to be related to selective hydroxylation and destruction of aromatic amino acid constituents of the protein (15, 16) . In this report we have characterized the nature ofthe fluorescent changes in IgG that are induced by free radical reactions in vitro and identified similar fluorescent products in fresh human sera and synovial fluid, using high performance liquid chromatography (HPLC). Neutrophil experiments. Neutrophils were isolated from peripheral blood of healthy human volunteers by employing standard techniques of Ficol-Hypaque sedimentation and ammonium chloride lysis oferythrocytes. To induce free radical damage to IgG, neutrophils (4 ml of 4 X 10 cells/ml suspended in phosphate-buffered saline plus 2 mM glucose) were incubated with an equal volume of 2.5 mg/ml IgG. Activation of cells was performed by adding PMA to a final concentration of 10 Ag/ liter. Cells with and without PMA were then incubated with pure IgG for up to a period of 1 h. In one series of experiments, the cells (4 ml of 4 X 106 cells/ml) were incubated with 500 Ml of ultraviolet-altered IgG in the presence of excess unaltered IgG (4 ml of 2.5 mg/ml IgG) at 37°C in order to test the hypothesis that free radical alteration of IgG might result in a perpetual production of fluorescent IgG mediated by the neutrophil. At various time periods, 200-Mul aliquots were removed, the cells were separated by centrifugation, and the supernatant assayed for fluorescence (Ex 360 nm, Em 454 nm).
Neutrophil superoxide production. A continuous assay ofsuperoxide generated by activated neutrophils was performed according to the method of Cohen and Chovaniec (17 (Fig. 4) , normal human neutrophils were incubated with IgG that had been exposed to identical time periods of ultraviolet radiation. Superoxide-dependent cytochrome c reduction was measured during its incubation with irradiated IgG and cells. Production of superoxide by these neutrophils in response to stimulation by IgG reached a maximum after -45 min of irradiation. Cells that had been preincubated with the fungal metabolite cytochalasin B, to inhibit vacuole formation, increased their ability to generate superoxide in the presence of free radical altered IgG. This was consistently the case throughout the 90-min period of irradiation, although superoxide production from these cells correlated best with altered fluorescent monomer activity. In PMA-stimulated neutrophils incubated with native IgG (Table I) , subsequent fluorescent IgG formation could be inhibited by SOD (9.5%), catalase (71.0%), thiourea (20%), desferrioxamine (32.8%), and mannitol (4.7%). Catalase was by far the most effective at inhibiting fluorescence formation. (Table II) . Rheumatoid synovial fluids were found generally to have significantly more fluorescence associated with IgG than nonrheumatoid fluids. This was also the case in rheumatoid sera vs. control sera. In both instances this fluorescence remained significantly increased even after correction for IgG concentration. Fluorescent complexes that were indistinguishable by HPLC from those generated by free radical reactions were isolated from both rheumatoid sera and synovial fluid. In order to see whether these individual fractions further resembled in vitro generated products, they were tested for their ability to stimulate neutrophils to generate the superoxide radical. Table III shows the relative activities of fractions separated and isolated by HPLC. Heat-aggregated IgG had lower activity than IgG that had been irradiated, mixed with peroxidizing lipid, or reacted with a copper-hydrogen peroxide mixture. Whole rheumatoid sera and synovial fluids were also able to stimulate neutrophils to generate superoxide; however, the total activities of the fluid and sera were consistently of the order of 50% of the activity of some of the individual monomeric fluorescent protein fractions isolated by HPLC. 
Discussion
Previously we have reported that fluorescence (Ex 360 nm, Em 454 nm) and aggregation, which accompanies free radical damage to IgG, occurs at the site ofthe aromatic amino acids on the IgG molecule as well as at the surface intramolecular disulfide bonds (14) . In this report we confirm and extend these findings, and show that the thiol containing amino acid cysteine is the most susceptible to free radical attack. This is consistent with the oxygen radical-dependent reduction and breaking ofdisulfide bonds and the formation of thiol groups (13) . The reductions that we observe in the aromatic amino acids tryptophan and tyrosine are in agreement with our previous findings that aromatic amino acids, in particular tryptophan and tyrosine, undergo fluorescence formation when they are irradiated independently of the protein molecule (15, 16) . Several of the major fluorescent oxidation products of tryptophan, which have been generated by free radical reactions, have been tentatively identified, and their structures are shown in Fig. 6 . The oxidized derivatives of tryptophan are shown as they might occur in the free radical altered IgG molecule. The structures of the main components of the free radical action on tryptophan include a fluorescent hydroxylated derivative (5-hydroxy tryptophan); compounds that result from the bond breaking of the pyrrole structure of tryptophan are also found. The hydroxylation of tryptophan residues on IgG is consistent with our experimental findings since (a) hydroxyl radicals are produced by human neutrophils when they are metabolically activated, (18) , and (b) the fluorescent generation of fluorescent IgG can be inhibited by desferrioxamine, catalase and hydroxyl radical scavengers. (In our experiments, mannitol was less effective than thiourea, probably because of its relatively low reactivity with hydroxyl radical.) Further support for this mechanism of damage comes from the fact that the hydroxylation of aromatic compounds is an established procedure for the detection and measurement of the hydroxyl free radical (19) .
We believe that fluorescence formation (Ex 360 nm, Em 454 nm) specifically characterizes free radical-induced damage to proteins. This is also implied by other workers (20) who have observed identical visible fluorescence changes occurring in a variety of proteins when they have been stored or artificially aged. The fluorescence alteration (Ex 360 nm, Em 454 nm) is therefore not specific to IgG, but generally can reflect free radical (in particular hydroxyl-free radical) damage to any protein. The extent of the fluorescent damage would seem to be related to the periodicity and content of aromatic amino acids within the protein. It appears likely that the lysis of surface disulfide bonds alone can result in a significant conformational change in the IgG molecule; however, hydroxylation and damage to the aromatic amino acids may also give rise to specific areas ofdamage in the protein that cause it to polymerize. Alteration in amino acid structure is considered an important prerequisite for the formation of IgG aggregates and the subsequent production of rheumatoid factors (21) . This mechanism of aggregation is supported by our own results, since the relationship and distribution of fluorescence between the monomeric, intermediate, and polymeric forms of IgG suggest that a critical concentration of altered monomer fluorescence is required for the subsequent polymerization of the molecule. This situation contrasts with the widely used heat aggregation model (630C, 15 min), which often, but not always reproducibly, results in the generation of dimers and polymers, neither of which are fluorescent.
The activation of neutrophils by polymeric IgG was anticipated, as similar results have also been described for heat-aggregated IgG. However, we were surprised to find that free radical denatured monomeric IgG activated neutrophils to generate superoxide. There appears to be no apparent specificity in the mode ofinduction ofthe respiratory burst in neutrophils, since several different substances can interact and perturb the plasma membrane. We would suggest that, in the case of our altered monomeric IgG, the binding to the cell occurs probably through Fc receptors on the cell surface. For this to happen efficiently, the molecule of IgG needs to denature or unfold. Aggregation could enhance this reaction, at least until either the aggregation is such as to conformationally restrict Fc binding, or, cause saturation of receptors that in turn reduces the availability of the receptor as a trigger for free radical production. Either mechanism would explain the eventual falloff in O2 production from neutrophils as aggregation of IgG progresses with increased ultraviolet exposure.
In rheumatoid disease it appears that there is little if any inherent difference between the ability ofrheumatoid neutrophils to generate free radicals compared with normal control neutrophils (22, 23) . However, recently Gale and his co-workers (24) have observed that rheumatoid sera and synovial fluids can stimulate neutrophils to generate oxygen-centered free radicals. They have also shown that this is a function of the immune complexes present. IgG aggregation is thought to be a stimulus for the formation ofimmune complexes with rheumatoid factor antibody (25, 26) . These complexes are thought to be important in amplifying and perpetuating rheumatoid inflammation (27 (28) , but only in the presence of catechol or orthoquinone. We and others (13, 29) have shown previously that hydrogen peroxide, together with cupric salts or catalytic iron, will promote fluorescence formation and aggregation that can be inhibited in vitro by hydroxyl radical scavengers and metal chelators such as desferrioxamine. This is presumably due to the following generalized Fenton reaction that could occur within synovial fluid. Ml' + H202 o-M(*+')+ + OH + OH-.
In support of this mechanism, Gutteridge et al. (30) have described the presence ofa form ofiron in synovial fluid that could act as a catalyst for this reaction.
In this report we have distinguished other proteins by HPLC, apart from IgG, which are also fluorescent when isolated from biological material. We suggest that these fluorescent proteins (approximate Ex 360 nm, Em 460 nm) isolated from sera and synovial fluid, also reflect the extent of free radical reactions induced by polymorphonuclear leukocytes during chronic inflammation. Although the changes initiated in other as yet uncharacterized proteins in human sera and synovial fluid may also be of importance in the pathogenesis ofrheumatoid inflammation, we have studied here mainly the possible implications of altering the IgG, because its free radical denaturation may be the key to the production of rheumatoid factors in rheumatoid arthritis.
We have demonstrated that fluorescent monomer and aggregates are present in synovial fluid and sera, and have found a significant difference between the fluorescence to ultraviolet ratios of monomer in nonrheumatoid vs. rheumatoid fluids despite the fact that (a) some of the nonrheumatoid fluids were taken from patients diagnosed as having an inflammatory arthropathy, and (b) no account was taken of whether the disease was in remission or active at the time of sampling.
Although we have shown that catalase is by far the most potent at inhibiting fluorescence damage to IgG, H202 itself is known not to be damaging (at these concentrations) unless it is reacting in the presence ofcatalytic amounts oftransition metal ions (30) . We would therefore suggest hydroxyl (generated by a Fenton reaction)-mediated damage to IgG as a cause of its aggregation in vivo. The inhibition by the iron chelator desferrioxamine strongly supports this conclusion. IgG complexes produced by free radical reactions are fluorescent and can activate resting neutrophils to produce further free radicals. When cytochalasin B is added to neutrophils, fluorescent IgG aggregates may still engage appropriate receptors, but they are not endocytosed. It appears, therefore, from our results, that free radical altered IgG potentially can stimulate neutrophils to generate further free radicals by a process that is, at least in part, independent ofphagocytosis. Similar results have also been obtained by workers using the heat aggregation model (31) (32) (33) .
Finally, perhaps the most important implication ofthis work is that free radical damage to IgG could be perpetuated, provided that there is a suitable supply of substrate IgG at the site of inflammation. This is certainly the case in rheumatoid synovial fluid, where up to 50 mg of IgG can be synthesized per day (34) .
From our HPLC and in vitro studies, we would suggest that fluorescent monomeric and aggregated IgG present in synovial fluid can activate human neutrophils in an identical manner to their in vitro-generated counterparts. Taken together, these observations may be of considerable importance, since they describe a possible self-perpetuating mechanism of free radical release and tissue damage mediated by the neutrophil. Conversion of complement by free radical altered IgG might further amplify this destructive mechanism, which would be consistent with findings of complement activation and depletion in rheumatoid sera and synovial fluid (35).
